ABSTRACT Zinc oxynitride metal-insulator-semiconductor diodes are fabricated and characterized. Although these devices display excellent rectification, their temperature-dependent current-voltage characteristics are not explicable using analysis methodologies currently available in the literature. Therefore, we employ a simple curve fitting strategy in order to elucidate measured trends. It is found that the forward current trends are describable using three parameters, i.e., reverse saturation current, ideality factor, and series resistance, whereas the reverse current temperature dependence only requires one parameter, i.e., shunt resistance. All four of these model parameters are found to be strongly temperature dependent.
I. INTRODUCTION
Active metal oxide semiconductor materials have been a focus in recent years due to their superior performance. Amongst other advantages, low cost, the possibility of low temperature deposition, and robust integration with other organic and inorganic compounds are key attributes. In this paper, we report on the characterization of diodes fabricated from an oxide semiconductor, with the ultimate objective of exploring the possibility of using such diodes in energy harvesting applications. One of the most extensively studied semiconductors in this group is zinc oxide (ZnO). Several ZnO diode studies have been reported [1] - [3] . In order to improve the performance of ZnO, cation and anion control strategies have been investigated and implemented. These include the formation of InGaZnO and InZnO for metal cation control and ZnON for anion control. ZnON is an attractive semiconductor material since it possesses a high mobility (≈ 100 cm 2 / Vs), high illumination stability, and the ability to be deposited at room temperature [4] - [6] .
Moreover, it has been shown that depending on the degree of nitrogen replacement of oxygen, the properties of ZnON can vary between ZnO and Zn 2 N 3 [4] . However, since ZnON is a semiconductor with a mixture of ZnO, ZnO x N y , and Zn 3 N 2 , and since Zn possesses a higher reactivity with oxygen compared to nitrogen, ZnON has been associated with problems of stability and reproducibility, especially when exposed to air. To counter this problem, several solutions have been proposed, including argon plasma treatment [7] and heat treatment [8] , [9] . In this work, we investigate the implementation of zinc oxynitride (ZnON) in a metal-insulator-semiconductor (MIS) thin-film diode structure.
The main purpose of depositing a very thin insulating layer between the metal and semiconductor is to minimize reaction and diffusion between metal and semiconductor [10] . Furthermore, the thin insulating film has been demonstrated to reduce leakage current and defect trapped charge density [11] , [12] , thereby improving the reliability and performance of the diode. Another advantage is the possibility of reducing the interface state density [13] , [14] . In this contribution, aluminium oxide (Al 2 O 3 ) is used as the insulating layer since the film quality and the thickness can be precisely controlled via atomic layer deposition (ALD).
ZnON MIS diode current-voltage (I-V) characteristics are modelled using [15] 
where I 0 is reverse saturation current, q is electronic charge, R s is series resistance, n is ideality factor, k B is Boltzmann's constant, T is temperature, and R sh is shunt resistance. Since the exponential term dominates when V is positive, the forward current is describable using three model parameters, i.e., I 0 , n, and R s . Conversely, since I 0 and IR s are found to be negligibly small at negative voltage for the ZnON MIS diodes tested, the reverse current is determined by only a single model parameter, i.e., R sh . In order to accurately fit experimental temperature-dependent I-V curves using eq. (1), all four model parameters are assumed to depend on temperature. Although many parameter estimation strategies have been proposed in the literature for the direct extraction of I 0 , n, R s , and R sh [16] - [22] , we have been unsuccessful when employing these methods to the assessment of our ZnON MIS diodes. In contrast, we can readily estimate I 0 , n, R s using the exponential portion of eq. (1) to accurately fit to an experimental I-V curve. Moreover, we find our estimates of these parameters to be almost unique since the low, intermediate, and high current portions of the forward current are primarily determined by I 0 , n, and R s , respectively as shown in Fig. 1 . From this, a fitting procedure is proposed as follows. First I 0 is estimated as the y-intercept of the low voltage portion of the curve. Next using this estimated value of I 0 , n is varied whilst maintaining R s as 0 until a good fit of the low voltage portion of the curve is obtained (this region is found to be approximately linear when plotted on a semilog scale). Next, R s is increased until a good fit to the higher voltage portion of the curve is obtained. Finally, all 3 parameters are tweaked to produce an optimal fit. This fitting is accomplished using Mathematica.
II. FABRICATION AND EXPERIMENTAL SETUP
The structure of the fabricated diode is shown in Fig. 2 . The 1 mm thick Corning substrate was cleaned by first rinsing it with deionized (DI) water and then ultrasonicating it in acetone and then isopropyl alcohol solution, each for 10 minutes. It was then blow dried with nitrogen gas and subsequently baked at 120 • C for 30 minutes to remove possible moisture. Molybdenum bottom contact (100 nm) was then sputtered at room temperature. The ZnON layer (50 nm) was deposited through the reactive magnetron sputtering method by using zinc target (99.99 % purity) together with argon, nitrogen, and oxygen gases (Ar/N 2 /O 2 = 4/180/1.5 SCCM) that flowed into the chamber at room temperature. The chamber pressure and RF power were maintained at 12.5 mTorr and 250 W, respectively. From the Hall measurements, the magnitude of the Hall mobility for the as-deposited ZnON film based on this formulation is 21.5 cm 2 /Vs. The Al 2 O 3 layer (2.5 nm) was then deposited through the atomic layer deposition (ALD) at 250 • C. Finally, a nickel top contact (100 nm) was sputtered at room temperature. The sample was then annealed at 250 • C in normal atmospheric condition for 2 hours. The annealing condition was optimised based on the improvements/degradations observed in the forward I-V characteristics after each annealing process. Shadow mask was used to pattern the semiconductor, insulator, and top contact layer. The active area of the diode is 0.66 mm 2 .
I-V and C-V measurements were carried out using Keithley 4200 Semiconductor Characterization System (4200-SCS) inside a LakeShore probe station and the temperature was controlled using Lakeshore 336 Temperature Controller. All measurements were carried out in the dark and the temperature was varied from 50 • C to 200 • C in 50 • C intervals (323 K to 473 K in 50 K intervals). All I-V measurements were done under a vacuum environment except for room temperature measurement (normal atmosphere). The voltage for the I-V characterization for the room temperature measurements and temperature dependent measurements was swept from −3 V to +3 V with 0.2 V intervals and from −1.5 V to 1.5 V with 0.05 V intervals, respectively. The C-V sweep was carried out at 1 MHz with an ac modulation voltage of 30 mV.
III. RESULTS AND DISCUSSION

A. ROOM TEMPERATURE I-V AND C-V MEASUREMENTS
A J-V plot for a ZnON MIS diode at room temperature is shown in Fig. 3 . The diode shows typical rectifying behaviour (exponential increase of current in forward bias and weak dependence in reverse bias) with a threshold voltage of approximately 0.95 V and a leakage current density of 0.4 μA/cm 2 at −3 V. Introduction of a thin interfacial layer between metal and semiconductor reduces the leakage current and likely increases the threshold voltage [12] . The 376 VOLUME 7, 2019 FIGURE 2. MIS diode structure and actual sample of the fabricated diode. All layers are sputter deposited except for the Al 2 O 3 which is by atomic layer deposition. rectification ratio of the diode is 9500 at ± 3 V. The forward and reverse breakdown voltage of the diode are 28 and −25 V, respectively. Generally, the diode possesses a strong rectifying property. The forward current 3-parameter curve fitting method is implemented to obtain n = 2.55, I 0 = of 1.6 × 10 −10 A, and R s = 3800 . The reverse current 1-parameter fitting yields R sh = 1.3 G .
The n = 2.55 ideality factor is much larger than that expected for thermionic emission (n = 1) or generationrecombination (n = 2). This large value of n can be elucidated using induced gap state (IGS) theory [14] , as follows. Modeling the ZnON MIS diode in non-equilibrium as a voltage divider consisting of an insulator capacitance density, C I , in series with a parallel combination of the semiconductor and interface state capacitance densities leads to
where C FB and C SSmin are flatband and minimum interface state capacitance densities, which apply when the semiconductor is operating in depletion. This calculated value of n = 2.67 is in reasonable agreement with the measured value of n = 2.55. According to IGS theory, current in the ZnON MIS diode is thermionic, but n is large since much of the applied voltage drops across the insulator instead of the semiconductor. The free electron carrier concentration is determined from the slope of the 1/C 2 -V plot as shown in Fig. 3 and inset (a) . The barrier height is calculated from the built-in potential estimated by extrapolating the 1/C 2 -V plot [23] . From this, the calculated free electron carrier concentration and barrier height are 2.2 × 10 18 cm −3 and 0.86 eV, respectively. An alternative way to estimate the barrier height, B , is from I-V data using [23] 
where A is diode area and A** is the effective Richardson constant [24] 
where m* is effective mass and h is Planck's constant. Assuming m* = 0.19 m 0 for ZnON [6] , [25] and using I 0 = 1.6 × 10 −10 A leads to B = 0.83 eV. Thus, our C-V and I-V estimates for B are quite similar. Parameters extracted from room temperature I-V and C-V measurements are summarized in Table 1 . Table 4 presented at the end of this contribution provides overall comparison of the parameters extracted at room temperature for the diode fabricated in this contribution and other reported metal oxide diodes work. Fig. 4 shows J-V curves in forward bias for a ZnON MIS diode at four temperatures. J-V characteristics depend strongly on temperature, increasing with increasing temperature. The 3-parameter fit to the measured J-V curves is quite good. Extracted fitting parameters for all curves are collected in Table 2 . From Table 2 , it can be observed that all four model parameters vary strongly with temperature. Next, the reverse bias I-V curves as the function of temperature for a ZnON MIS diode are shown in Fig. 5 . Using eq. (1), a linear fit of the data is used to estimate the shunt resistance. These values of R sh are compiled in Table 3 . All of the five extracted parameters; saturation current I 0 , barrier height B , ideality factor n, series resistance R s , and shunt resistance R sh are strongly temperature dependent; temperature trends for each of these parameters are plotted in Fig. 6 . I 0 increases with increasing temperature, as does B since they trend together according to eq. (3). n decreases with increasing temperature, suggesting that thermionic emission contributes more to the forward current at higher temperatures. Both R s and R sh decrease with increasing temperature. This is ascribed to an increase in the free electron carrier concentration with increasing temperature. R sh is suspected to arise from the existence of a peripheral leakage path at the edges of the diode. Thus, the decrease of R sh with increasing temperature is also ascribed to an increase in the electron free carrier concentration with increasing temperature. Evidence that the physical mechanism responsible for the temperature dependence of R s and R sh is identical is provided by the observation that their fractional decrease in resistance with increasing temperature are quite similar, i.e., R s (T) / R s (323 K) = 1, 0.46, 0.14, and 0.05; R sh (T) / R sh (323 K) = 1, 0.66, 0.1, and 0.02 for T = 323, 373, 423, and 473 K. The free electron carrier concentration is estimated for each temperature by assuming a linear relation of R s with temperature and using the free electron carrier concentration at room temperature as obtained from C-V measurements in the previous section
B. TEMPERATURE DEPENDENT I-V MEASUREMENTS
where ρ is resistivity, L is length, μ n is electron mobility, and n c is free electron carrier concentration. By assuming that other parameters apart from R s and n c are independent of temperature, the estimated temperature-dependent free electron carrier concentration obtained is shown in Fig. 7 .
The regression fit to the data reveals a characteristic temperature of 50 K, corresponding to a free electron carrier concentration enhancement energy of 4 meV.
IV. CONCLUSION
In this contribution, ZnON MIS diodes are fabricated and characterized. These devices are found to exhibit excellent rectification. A fitting method is employed to describe the strongly temperature dependent forward and reverse VOLUME 7, 2019 379 current characteristics of the diode. Measured forward current characteristics are accurately fit using three model parameters, i.e., saturation current, ideality factor, and series resistance while measured reverse current characteristics are fit using only one parameter, i.e., the shunt resistance.
